Copper levels stimulate trafficking and hyperphosphorylation of the copper transporter ATP7B. Results: Hyperphosphorylation can occur prior to exit from the TGN and requires intact N and C terminus but is not required for apically directed trafficking. Conclusion: Copper-stimulated hyperphosphorylation of ATP7B occurs on the C terminus. Significance: Hyperphosphorylation and apically directed trafficking are independent events.
The Wilson disease protein ATP7B exhibits copper-dependent trafficking. In high copper, ATP7B exits the trans-Golgi network and moves to the apical domain of hepatocytes where it facilitates elimination of excess copper through the bile. Copper levels also affect ATP7B phosphorylation. ATP7B is basally phosphorylated in low copper and becomes more phosphorylated ("hyperphosphorylated") in elevated copper. The functional significance of hyperphosphorylation remains unclear. We showed that hyperphosphorylation occurs even when ATP7B is restricted to the trans-Golgi network. We performed comprehensive phosphoproteomics of ATP7B in low versus high copper, which revealed that 24 Ser/Thr residues in ATP7B could be phosphorylated, and only four of these were copperresponsive. Most of the phosphorylated sites were found in the N-and C-terminal cytoplasmic domains. Using truncation and mutagenesis, we showed that inactivation or elimination of all six N-terminal metal binding domains did not block copper-dependent, reversible, apical trafficking but did block hyperphosphorylation in hepatic cells. We showed that nine of 15 Ser/Thr residues in the C-terminal domain were phosphorylated. Inactivation of 13 C-terminal phosphorylation sites reduced basal phosphorylation and eliminated hyperphosphorylation, suggesting that copper binding at the N terminus propagates to the ATP7B C-terminal region. C-terminal mutants with either inactivating or phosphomimetic substitutions showed little effect upon copper-stimulated trafficking, indicating that trafficking does not depend on phosphorylation at these sites. Thus, our studies revealed that copper-dependent conformational changes in the N-terminal region lead to hyperphosphorylation at C-terminal sites, which seem not to affect trafficking and may instead fine-tune copper sequestration.
ATP7B is a P 1B -type ATPase that transports the essential element copper across cellular membranes. Mutations in ATP7B cause Wilson disease (OMIM 277900), a condition of copper toxicity that can lead to liver failure and/or neurological disturbances (1, 2) . The ATP7B protein carries out two main functions: it delivers copper to cuproenzymes during their biosynthesis, and it exports copper to maintain cellular homeostasis as a mechanism for protecting the cell from oxidative damage caused by excess copper (3) . Cellular copper levels affect the intracellular location of ATP7B such that it resides in the transGolgi network (TGN) 2 in low copper to fulfill its biosynthetic role. In elevated copper, ATP7B moves via vesicles to the apical surface to rid the cell of excess copper (4 -8) .
Copper-dependent trafficking of ATP7B is also associated with increased phosphorylation on Ser/Thr and was previously termed hyperphosphorylation (9 -13) . Previous studies showed that copper-dependent TGN exit of ATP7B correlated with its hyperphosphorylation (9) . ATP7B phosphorylation also occurs during its biosynthesis; these modifications have been referred to as "basal" phosphorylation and seem to affect protein stability, lifetime, and/or quality control (9, (12) (13) (14) . Mass spectrometry (MS) analysis of recombinant ATP7B isolated from Sf9 cells revealed that the loop between metal binding domain 3 (MBD3) and MBD4 as well as 10 other N-terminal (N-term) peptides were phosphorylated following in vitro radiolabeling in the presence of mammalian cell extract (15) . Recent large scale MS proteomics analyses have identified still more phosphorylated ATP7B residues (see Table 1 and Refs. 16 -21) . Most of these residues were identified when either cells or tissues were exposed to basal copper, making their copper dependence equivocal.
More recently, four unique serines (Ser-478, Ser-481, Ser-1121, and Ser-1453) were identified following in vitro phosphorylation of microsomes isolated from COS-1 cells expressing myc-tagged ATP7B, and three of these residues (Ser-478, Ser-471, and Ser-1153) were substrates for kinase(s) in those cells (11) . An ATP7B 
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mutant with all four of these Ser changed to Ala exhibited defective TGN exit, suggesting that phosphorylation at these sites is required for TGN exit (12) . The conformation of a different Ser cluster (Ser-340 and Ser-341), located in the loop between MBD3 and MBD4 also appears to be important for TGN exit in HEK293TRex cells (13) . Inactivating mutations (Ser-340 and Ser-341 to Ala) did not reduce basal phosphorylation of ATP7B. Moreover, all mutations at this cluster, whether to Ala/Gly (inactivating), Asp (phosphomimic), or Thr (phosphosite), had similar effects on trafficking; i.e. they all showed increased ATP7B in vesicles. The conclusion of this study was that phosphorylation does not initiate ATP7B trafficking per se but rather maintains the protein in a trafficking-permissive state following a copper-induced conformational change (13) . Overall, the relationship between copper-stimulated Ser/ Thr hyperphosphorylation and copper-dependent trafficking remains enigmatic, and the ATP7B residues phosphorylated physiologically in high copper remain undetermined. In this study, we used comparative MS-based proteomics to determine ATP7B phosphorylation under conditions of low and high copper in fibroblasts cells. We then used mutagenesis of selected sites in conjunction with expression in hepatic cells to determine the physiological consequences of copper-stimulated phosphorylation. We found little evidence to suggest that copper-stimulated apical trafficking requires phosphorylation, leaving the physiological consequence of this post-translational modification yet to be determined.
EXPERIMENTAL PROCEDURES
Generation of ATP7B Mutants-Full-length wild-type ATP7B fused at its N terminus to green fluorescent protein (GFP) (WTATP7B; cataloging designation, pLB1080 (22) ) and the N-terminal mutant 1-63 ⌬1-4MBD (cataloging designation YG36 (23)) in pAdLOX (24) were described previously. The QuikChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) was used with YG36 as a template to create plasmids with substitutions in N-term metal binding domains (Table 2; all nicknames used throughout are in parentheses): 1-63 ⌬1-4MBD ϩ C499S/C502S/C575S/C578S (MBD5&6 CϾS). The template pLB1080 was used to create plasmids with C-terminal Ser/Thr phosphomimetic substitutions (Table 2 ; T1396D, S1398D, and S1401D (3-mimetic); 3-mimetic ϩ S1429D, S1431D, S1432D, T1434E, and S1435D (8-mimetic); and 8-mimetic ϩ S1442D (9-mimetic)). LB1080 was also used to create plasmids with C-terminal Ser/Thr to Ala substitutions: T1396A, S1398A, and S1401A (3 S/TϾA); 3 S/TϾA ϩ S1413A, T1417A, S1423G, S1426G, S1429A, S1431A, S1432A, S1435A, S1438A, and S1442A (13 S/TϾA/G); 13 S/TϾA/G ϩ S1116A and A1121A (13 S/TϾA/G ϩ N). Each construct in Table 2 encodes GFP at the N terminus, and the locations of the C-terminal substitutions are shown in Fig. 6 . All primers were from Integrated DNA Technologies (Coralville, IA). Sequences of all mutated regions in each construct were verified, and several constructs were sequenced in their entirety.
All constructs were packaged into adenoviruses and purified as described (25) . To verify that packaged viruses encoded the expected mutation and were not cross-contaminated, adenoviral DNA was purified from infected 293A cell pellets, PCRamplified, and sequenced as described (5) . All sequencing was performed by The Johns Hopkins University DNA Sequencing Facility.
Cell Culture and Adenoviral Infection-Two immortalized derivatives of SV40-transformed Menkes-null fibroblasts, designated YS and YST, were cultured as described previously (4, 23) . For protein expression and immunoprecipitation studies, YS cells were plated in 10-cm tissue culture dishes with or without six glass coverslips (22 ϫ 22 mm) at densities of 1.5 ϫ 10 6 and 7.5 ϫ 10 5 for infection 2 or 3 days later, respectively. WIF-B cells were plated in 10-cm tissue culture dishes with or without six glass coverslips (22 ϫ 22 mm) at a density of 5 ϫ 10 5 , cultured as described (26) , and used ϳ9 -11 days later when maximal polarity had been achieved. YS and WIF-B cells on coverslips were infected as described previously (5) except that titers were further reduced so that the predominant GFP signal was detected with antibody (see below). YS and WIF-B cells in dishes were infected with ϳ750 and 500 -700 virus particles/cell, respectively.
Characterization and Copper-responsive Trafficking Assays of GFP-ATP7B Mutants (5)-Each ATP7B construct was tested for its copper transport activity in YST cells co-transfected with the construct and apotyrosinase, and then assayed 12-16 h later for tyrosinase activity as described previously (4, 23) . Briefly, for YS cells, 16 -24 h after infection, GFP-ATP7B was staged in the TGN by culturing cells in basal medium containing 10 -25 M TTM, 90 g/ml cycloheximide, and 10 mM HEPES, pH 7.5 for 3-4 h. To promote trafficking out of the TGN, YS cells were cultured in basal medium for 16 -20 h and then in basal medium containing 100 -200 M CuCl 2 , 90 g/ml cycloheximide, and 10 mM HEPES, pH 7.5 for 3-4 h. For WIF-B cells, ATP7B and GFP-ATP7B were maintained in the TGN with 10 M BCS for 16 -20 h, and then fresh basal medium with 10 M BCS, 50 g/ml cycloheximide, and 10 mM HEPES, pH 7.5 was added for 1.5 h. To promote trafficking out of the TGN, WIF-B cells were cultured in basal medium containing 10 M BCS for 16 -20 h, rinsed twice in basal medium, and then changed to basal medium containing 10 -20 M CuCl 2 , 50 g/ml cycloheximide, and 10 mm HEPES, pH 7.5 for 1.5 h. Retrograde assays were performed in parallel to anterograde trafficking assays as follows. Infected WIF-B cells were cultured in medium with 10 M BCS for 16 -24 h, rinsed twice with 10 M CuCl 2 , and then incubated in medium with 10 M CuCl 2 for 1 h. The same cells were rinsed twice in 10 M BCS and cultured for 2 h followed by fresh medium with 10 M BCS ϩ 50 g/ml cycloheximide for an additional hour. All coverslips were then subsequently fixed and processed as described below (26) .
Indirect Immunofluorescence-Primary and secondary antibodies used for microscopy were as described previously (5) . To detect low levels of GFP-ATP7B, chicken anti-GFP (Abcam) and goat anti-chicken secondary antibody conjugated to Alexa Fluor 488 from Invitrogen were used. Labeled cells were analyzed using a 63ϫ PLAN-APO, 1.4 numerical aperture oil immersion objective on a Zeiss Axiovert 200M fluorescence microscope (Carl Zeiss, Germany). Images of 10 -25 polar cells were acquired using Volocity software (PerkinElmer Life Sciences). Images of 8 -20 polar cells were also acquired using a 100ϫ PLAN-APO, 1.4 numerical aperture oil immersion objective on an LSM 510 META confocal microscope (Carl Zeiss) or a 63ϫ objective on an LSM 700 confocal microscope (Carl Zeiss). Z-section imaging was done at 0.47-m intervals with an overlap of 0.08 m. Zen 2012 software was used for image capture, processing, and analysis. We focused on cells that expressed low levels of exogenous protein and assessed the distribution of the GFP protein relative to the organelle marker Golgin 97 (for YS cells) or TGN38 (for WIF-B cells) and either the apical cyst (26) or aminopeptidase N. Experiments were performed two or more times.
Evaluation of Copper-directed Trafficking-To assess the trafficking phenotypes of the mutants shown in Figs. 5 and 10, WIF-B cells expressing GFP-WTATP7B or GFP mutants were fixed and labeled with antibodies to GFP, TGN38, or the apical marker aminopeptidase N. Polar cells expressing low to moderate levels of GFP-ATP7B were scored for the presence of the protein in vesicles, the TGN, or apical region. The scores given were: not present (0), weak (ϩ), "medium" (ϩϩ), or "strong" (ϩϩϩ). The number of cells with medium to strong presence in the TGN, vesicles, or apical region was tallied. For each mutant, 50 -100 ATP7B-expressing polar cells were evaluated from two independent experiments for each condition.
ATP7B Staging for Biochemical Assays-Endogenous or exogenous ATP7B was staged by manipulating copper levels in cells grown in 10-cm dishes as described above. Prior to cell lysis and ATP7B purification, localization of GFP-ATP7B was examined by removing a coverslip from each dish, fixing the cells, and evaluating them by fluorescence microscopy.
Metabolic Labeling-To correlate the subcellular distribution of ATP7B with phosphorylation of specific sites and the total level of phosphorylation, copper levels were also manipulated as described above except that phosphate-free DMEM containing 5% dialyzed fetal bovine serum with 10 mM HEPES, pH 7.5 (labeling medium) was substituted for basal medium. Incubations for YS cells were as follows. Phosphate starvation was for 2 h with or without TTM in labeling medium. Radiolabeling was for 2 h in labeling medium with TTM or copper (100 -200 M CuCl 2 ), ϳ0.1-0.3 mCi/ml 32 P (PerkinElmer Life Sciences), and 90 g/ml cycloheximide for an additional 2 h. The medium was removed, cells were rinsed in Hanks' balanced salt solution containing 0.1% bovine serum albumin, and then the "chase" was initiated by addition of labeling medium with cycloheximide and either TTM or copper for 1.5 h. Chelator and copper treatments in labeling medium were for 5.5 and 3.5 h, respectively. Incubations for WIF-B cells were as follows. Phosphate starvation was for 2 h with BCS in labeling medium. Radiolabeling was for 2 h in labeling medium with BCS, 50 g/ml cycloheximide, and ϳ0.1-0.3 mCi/ml 32 P for an additional 2 h. The medium was removed, cells were rinsed in Hanks' balanced salt solution containing 0.1% bovine serum albumin, and then the chase was initiated by addition of labeling medium with either BCS or copper and cycloheximide for 1.5h. Chelator and copper treatments were for 5.5 and 1.5 h, respectively. Prior to cell lysis and ATP7B purification, localization of GFP-ATP7B was examined by removing a coverslip from each dish, fixing the cells, and evaluating them by fluorescence microscopy. The cells in dishes were rinsed twice in icecold PBS, and then 500 l of ice-cold lysis buffer B (0.5% Nonidet P-40, 150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 0.5 mM EDTA, and HALT protease and phosphatase inhibitors (Thermo Scientific, Rockford, IL)) was added.
Immunoprecipitation of Endogenous ATP7B and GFP-ATP7B-All steps were performed on ice. YS and WIF-B cells (ϳ10 7 /dish and 0.5-0. 8 ϫ 10 7 /dish, respectively) were scraped into 500 l of lysis buffer B. Cell extracts were triturated with a 1-ml syringe and 28-gauge needle (four times) and incubated for a total of 30 min, and then insoluble material was sedimented at 16,000 ϫ g for 10 min. The supernatants were diluted in dilution buffer B (150 mM NaCl, 10 mM Tris-HCl, pH7.5, 0.5 mM EDTA, and phosphatase inhibitors to yield 0.25% Nonidet P-40) and incubated with control agarose resin (Thermo Scientific, Rockford, IL) at 4°C for 0.5 h on a rotating wheel to remove nonspecific radiolabeled material. The beads were sedimented, and the supernatant was added to either anti-ATP7B (Ab 3985 (4)) cross-linked to Protein A gel (Seize X Immunoprecipitation kit, Pierce) or GFP-Trap-A (ChromoTek GmbH, Martinsried, Germany) and incubated at 4°C for 2 h on a rotating wheel. The beads were sedimented and rinsed twice with 0.25% Nonidet P-40, 150 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 0.5 mM EDTA and twice in dilution buffer B. Endogenous ATP7B or GFP-ATP7B was eluted with lithium dodecyl sulfate sample buffer (Invitrogen) plus 0.1 M dithiothreitol by boiling for 5 min; the released proteins were then separated by SDS-PAGE (4 -12% gradient NuPAGE or Bolt gels, Invitrogen) and transferred to nitrocellulose. For analysis of kinase-mediated phosphorylation, the radiolabeled [ 32 P]ATP7B was measured by exposure of the dried membrane to a phosphor screen (BAS III, Fujifilm, Tokyo, Japan), which was imaged using the PharosFX scanner (Bio-Rad) and analyzed using Quantity One software (Bio-Rad). To determine specific activity, the nitrocellulose membrane was incubated with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE) and then rabbit anti-GFP followed by anti-rabbit IRDye 800cw as described (4) . The radioactive signal was normalized to the amount of protein in each sample; levels of 32 P incorporation in the copper-treated cells were normalized to that in the chelator-treated cells.
Phosphoprotein Stain-For each treatment, GFP-ATP7B was purified from ϳ5 dishes of fibroblasts (see "Large Scale GFP-ATP7B Purification"), separated by SDS-PAGE, then fixed, washed, and stained with ProQ Diamond as recommended by the supplier (Invitrogen/Molecular Probes, Eugene OR). ProQ Diamond is a non-covalent fluorescent dye that is reported to detect phosphoserine-, phosphothreonine-, and phosphotyrosine-containing proteins displayed on SDS-PAGE gels. After destaining, the gel bands were imaged with the PharosFX Plus laser-based gel scanner using a 532 nm excitation laser and 605-nm bandpass emission filter and analyzed using Quantity One software. To determine total protein, the same gels were then stained with SYPRO Ruby fluorescent protein stain (Invitrogen/Molecular Probes) according to the manufacturer's instructions. This stain replaces the ProQ Diamond stain. Protein bands were also imaged with the PharosFX Plus laserbased gel scanner using a 488 nm excitation laser and a 605-nm bandpass emission filter and then analyzed using Quantity One software.
-Phosphatase Treatment-GFP-ATP7B immobilized on GFP-Trap-A was placed in protein metallophosphatase buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, 2 mM DTT, and 0.01% Brij 35); 30 l of protein metallophosphatase buffer ϩ 1 mM MnCl 2 were added to duplicate tubes. For phosphatase treatment, 2 l of -protein phosphatase (New England Biolabs, Ipswich, MA) was added to one tube, and buffer only was added to a second tube. To monitor the -protein phosphatase, 2 l was added to protein metallophosphatase buffer ϩ 1 mM MnCl 2 . All samples were incubated for 1 h at 30°C. The reaction was stopped with 4ϫ lithium dodecyl sulfate sample buffer and 0.1 M DTT, and the samples were boiled for 5 min. The polypeptides were separated by SDS-PAGE, and the gels were stained with the ProQ Diamond Stain and SYPRO Ruby stain.
Large Scale GFP-ATP7B Purification-Pilot studies revealed that GFP-ATP7B was soluble in a variety of detergents including 2% CHAPS and 0.5% Nonidet P-40. Initially, lysis buffer A (2% CHAPS, 50 mM NaCl, and 10 mM HEPES, pH 7.4 with phosphatase inhibitors) was used for to purify GFP-ATP7B from fibroblasts. Because we obtained variable yields and impurities with lysis buffer A, we used lysis buffer B for later experiments. For purifications, 400 l of lysis buffer was added to each of 5-10 100-mm dishes, and the cell lysates were scraped, triturated first with a 1-ml syringe and 25-gauge needle (four times) and then with a 28-gauge needle (four times), pooled, and incubated for a total of 30 min. The insoluble material in ϳ1-ml aliquots was sedimented (35,000 rpm for 10 min in a TLA-55 rotor (Beckman Coulter, Brea, CA)). The supernatants were pooled and diluted with either dilution buffer A (50 mM NaCl and 10 mM HEPES, pH 7.4 to yield 1% CHAPS) or dilution buffer B (150 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 0.5 mM EDTA to yield 0.25% Nonidet P-40) and then added to GFPTrap-A, which was used essentially as recommended by the manufacturer. The samples were incubated at 4°C for 2 h on a rotating wheel. The beads were sedimented and rinsed twice with 0.25% Nonidet P-40, 150 mM NaCl, 10 mM Tris-HCl, pH 7.5, and 0.5 mM EDTA and twice in dilution buffer B. GFP-ATP7B was eluted twice with 100 l of 0.5% SDS by boiling for 5 min, and then the pooled SDS-eluted sample was lyophilized. The lyophilized proteins were resuspended in 1ϫ lithium dodecyl sulfate sample buffer and separated by SDS-PAGE (4 -12% gradient NuPAGE or Bolt gels), the gels were stained with Simply Blue (Bio-Rad), and the GFP-ATP7B band was cut from the gel and stored at Ϫ80°C for MS analysis.
LTQ Orbitrap Velos Mass Spectrometer Analysis-The excised gel bands were destained, reduced in 5 mM DTT at 60°C for 45 min, alkylated with 20 mM iodoacetamide at room temperature for 20 min in the dark, and proteolyzed with 10 ng/l trypsin (Promega, Madison, WI) overnight at 37°C or chymotrypsin (Roche Applied Science) as described previously (27) . Dry peptides were resuspended in 12 l of 0.1% formic acid; 8 l of this was loaded on a 75-m ϫ 2.5-cm trap packed with Magic AQ C 18 (5-m, 100-Å material) and then fractionated by reverse-phase HPLC using a 5-45% acetonitrile and 0.1% formic acid gradient from 0 to 45 min and then up to 90% at 48 min with a flow rate of 300 nl/min. LC-MS/MS analysis was performed on a 2D nanoLC system (Eksigent, Dublin, CA) coupled on line to an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, San Jose, CA). Data were acquired in data-dependent mode in which a full MS scan was followed by MS/MS scans of collision-induced dissociation of the 10 most intense ions. Precursor and fragment ions were analyzed at 30,000 and 7,500 resolution, respectively.
Peptide Identifications and Analysis-Peptide sequences were identified using Proteome Discoverer 1.3 (Thermo Scientific, Waltham, MA) software configured with Mascot to search the mass spectrometry data against NCBI Reference Sequences 40 or version 2012. The following criteria were used in the peptide searches: human species; variable modifications, Met oxidation and Asp or Glu deamidation; and fixed modification, Cys carbamidomethylation; additional searches, Thr and Tyr phosphorylation or N-acetylhexosamine on Ser and Thr. Mass tolerances on precursor and fragment masses were 15 ppm and 0.03 Da, respectively, and a 1% false discovery rate cutoff was used to filter the peptide search results. Mascot search results were imported into Scaffold (version 3.6.5) to validate the fragmentation spectrum-based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability as specified by the Peptide Prophet algorithm (28) . Protein probabilities were assigned by the Protein Prophet algorithm (29) . Finally, peptide data were researched using PEAKS (version 7) as additional validation of phosphosites and to obtain the annotated mass spectra fragmentation images reported in the supplemental data (30) .
RESULTS
Copper-dependent Phosphorylation Is Phosphatase-sensitive and Can
Occur in the TGN-We first confirmed that the behavior of GFP-WTATP7B in the human skin fibroblast YS cell line (23) corresponds with previous studies that demonstrated an association between copper-dependent trafficking and kinasemediated hyperphosphorylation of ATP7B (9 -13). We used ATP7B Copper-stimulated Phosphorylation and Trafficking APRIL 3, 2015 • VOLUME 290 • NUMBER 14 recombinant adenovirus to express GFP-WTATP7B in the YS cell line and then exposed the cells to either a cell-permeant copper chelator (ϪCu), which promoted GFP-WTATP7B retention in the TGN (Fig. 1A, left upper panel) , or copper (ϩCu), which shifted the GFP-WTATP7B localization to vesicles and the plasma membrane of many cells (Fig. 1A, left lower  panel) . To test for GFP-WTATP7B hyperphosphorylation in the presence of copper, we metabolically labeled YS cells with 32 P in the presence of cycloheximide, a protein synthesis inhibitor. Cycloheximide was included to ensure that we were studying immunoprecipitated GFP-WTATP7B that had been phosphorylated post-translationally in the TGN or in a post-TGN compartment.
Our results indicate that GFP-WTATP7B is basally phosphorylated in the presence of chelator and that copper enhances phosphorylation by ϳ50% (Fig. 1A, right) . We used the non-radioactive ProQ Diamond staining technique to establish that phospho-ATP7B is sensitive to -phosphatase, indicating that Ser, Thr, and/or Tyr are the modified residues (Fig. 1B) , consistent with previous work (9) .
To distinguish whether hyperphosphorylation was dependent upon elevated copper per se or rather was a downstream consequence of its copper-dependent redistribution into vesicles, we incubated GFP-WTATP7B-infected YS cells in basal medium at either 37 or 20°C before adding copper; the latter temperature blocks exit from the TGN (31, 32) . Fig. 1C shows that GFP-WTATP7B expressed in cells maintained at 37°C and treated with copper showed normal trafficking, whereas in cells maintained at 20°C plus copper, GFP-WTATP7B remained in the TGN. We repeated the metabolic labeling in conjunction with immunoprecipitation using cells maintained at both temperatures. Although the specific activity of phospho-GFP-WTATP7B was reduced at 20°C as would be expected, when phosphorylation amounts were normalized 13) . B, phosphorylated GFP-WTATP7B was isolated from YS cells exposed to either 25 M TTM (ϪCu) or 100 -200 M copper (ϩCu) and then treated with phosphatase or vehicle (ppase; ϩ or Ϫ). Following immunoprecipitation and electrophoresis, phosphorylated GFP-ATP7B was detected using ProQ Diamond (left gel), and then the gel was reprobed for total protein using SYPRO Ruby stain (right gel). C, cells equilibrated at 37 (top panel) or 20°C (bottom panel) were exposed to copper for 1.5 h, then fixed, and stained as described in A. D, YS cells were equilibrated at 37 or 20°C and then metabolically labeled with [ 32 P]orthophosphate followed by ATP7B immunoprecipitation as described in A. Gels on the left are autoradiograms; gels on the right are immunoblots for total ATP7B protein. The bar graph shows the specific activity (ϩCu) normalized to chelator-treated cells (ϪCu). The mean of three independent experiments is shown; error bars represent S.E.
to the their respective basal values, the magnitude of increased phosphorylation due to copper remained similar at both temperatures; i.e. copper enhanced GFP-WTATP7B phosphorylation by ϳ50% (Fig. 1D) . Thus, the cellular machinery responsible for copper-dependent phosphorylation can engage ATP7B even when ATP7B localization is restricted to the TGN.
Four Unique Phosphoresidues, Four Diphosphopeptides, and One Triphosphopeptide Were Phosphorylated upon Exposure of ATP7B to Copper-We used MS to catalog all phosphorylated residues on ATP7B and to determine which were phosphorylated independently of copper and which were copper-dependent. Large scale cultures of adenovirally infected YS cells were grown to obtain ample quantities of GFP-WTATP7B. Cultures were treated such that ATP7B was staged either in the TGN with a cell-permeant copper chelator or in vesicles plus plasma membrane with copper. Following immunoprecipitation, efficient recovery of GFP-WTATP7B was demonstrated by immunoblotting and protein staining (Fig. 2, A and B) . Recovered GFP-WTATP7B was digested with trypsin, and the peptides were analyzed by MS (see "Experimental Procedures" for details). Of the 179 potential cytosolic Ser/Thr residues identified by in silico amino acid analysis, a total of 24 Ser/Thr residues were phosphorylated, and 10 of those were identified previously ( Table 1) . The identifications are supported by the ions in the fragmentation spectra (supplemental data); a table shows FIGURE 2. Proteomics analysis of copper-dependent and copper-independent phosphorylation. A, YS cells expressing GFP-WTATP7B were extracted in detergent, and the ATP7B was immunoprecipitated. The gel shown is an immunoblot of the starting extract (0.2ϫ Det Sup; left), depleted supernatant (0.2ϫ Unbd; middle) and immunoprecipitated ATP7B protein (1ϫ bound (Bd); right); molecular mass markers are indicated in kDa (far left). B, GFP-WTATP7B was immunoprecipitated, separated by SDS-PAGE, and then stained in-gel with Simply Blue. Gel bands of five independent samples for each treatment were used for MS analysis, and three and four independent MS analyses were performed for Ϯcopper-treated cells, respectively. C, schematic depiction of phosphosites identified by proteomics in the context of the ATP7B domain structure (flags show the locations of characterized motifs). An underline shows the location of the six metal binding domains, and diamonds indicate the CXXC motifs that bind copper. All of the sites identified with Ͼ95% confidence are indicated across the top of the diagram; those highlighted in red were found only in the high copper condition. The boxed site near the N terminus was found only in the chelation condition. Asterisks indicate residues found as part of a diphosphopeptide or triphosphopeptide. See the supplemental data for documentation of the mass spectroscopy data; PEAKS analysis showed that ATP7B sequence coverage was 84%. D, phosphosite identifications mapped onto the ATP7B primary sequence. Red Ser residues were hyperphosphorylated in the presence of copper. DiL, dileucine.
the ion mass for each newly identified phosphorylated residue (supplemental data).
Most of the modified residues were located on the cytoplasmic N and C termini, and most were present under both conditions (Fig. 2, C and D, and Table 1 ). The modified sites fell into three general categories: 1) present only in chelator-treated cells (Fig. 2C, Thr-68 only, boxed) ; 2) present in both chelatorand copper-treated cells (19 Ser/Thr with black arrows); and 3) present only in copper-treated cells (Fig. 2C , the four Ser/Thr with red arrows). This approach revealed that Ser-246, Ser-1121, Ser-1431, and Ser-1442 were copper-responsive sites. Additionally, we found two N-term and two C-term diphosphopeptides as well as one triphosphopeptide present only in copper-treated cells (Table 1 and supplemental data). Thus, in addition to copper-dependent N-terminal phosphorylation previously validated (13), our phosphoproteomics study shows that ATP7B is also hyperphosphorylated on C-terminal Ser/ Thr in response to copper.
Copper-dependent ATP7B Phosphorylation in Hepatic CellsTo verify that basal and copper-dependent hyperphosphorylation occurred in a more physiologically relevant cell type, we turned to the hepatic WIF-B cell line (6, 26) . GFP-WTATP7B was expressed in WIF-B cells and then exposed to chelator, which promoted its retention in the TGN (Fig. 3, A and AЈ) . Copper treatment (10 M CuCl 2 for 1 h) promoted ATP7B exit from the TGN and its appearance in vesicles and the apical plasma membrane (Fig. 3, B and BЈ) . Upon subsequent removal of copper by chelation, GFP-WTATP7B returned to the TGN (Fig. 3, C and CЈ) , demonstrating an itinerary comparable with that of endogenous ATP7B in WIF-B (6). We next tested whether GFP-WTATP7B in WIF-B cells was hyperphosphorylated to a degree similar to that in YS cells after exposure to copper (Fig. 3D) . Metabolic labeling indicated that GFP-WTATP7B was basally phosphorylated when copper was chelated and was enhanced by ϳ50% after addition of copper (Fig.  3D) . In Fig. 3E , we show the dose-response of copper on ATP7B phosphorylation in WIF-B cells expressing GFP-WTATP7B. Copper-dependent hyperphosphorylation of ATP7B occurred at 1 M CuCl 2 , and maximal hyperphosphorylation was produced at 10 -20 M copper (Fig. 3E) . Copper treatment for 1.5 h enhanced total phosphorylation of endogenous ATP7B by ϳ2-fold.
Having confirmed that basal hyperphosphorylation and copper-dependent hyperphosphorylation of GFP-ATP7B were similar in YS and hepatic WIF-B cells and identified the N and C termini as sites of GFP-ATP7B basal and hyperphosphorylation in YS cells, we next used deletion and/or mutagenesis of selected phosphorylation sites in conjunction with GFP-ATP7B expression in hepatic cells to determine whether hyperphosphorylation was essential for its copper-dependent trafficking. 
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The N-term Metal Binding Domains Are Required for Copper-stimulated Phosphorylation but Not Basal Phosphorylation-The extreme N-terminal part of ATP7B consists of a motif involved in apical targeting (amino acids 1-63) (4) followed by six MBD repeats, each containing a CXXC motif that binds copper (Fig. 2C) (33) . We previously described the 1-63 ⌬1-4MBD mutant, which lacks MBD1-4 but exhibits near normal trafficking when treated with 200 M copper (23) . Interestingly, the 1-63 ⌬1-4MBD mutant lacks nine of the 12 N-term phosphoresidues found through MS (Fig. 4A) , which raises the possibility that phosphorylation of this mutant might be diminished. To eliminate all copper binding of the N-term, we generated recombinant adenovirus expressing 1-63 ⌬1-4MBD in which the cysteines in the two remaining MBDs (5 and 6) were changed to Ser, a zero volume substitution that would likely preserve the ferredoxin-like folds of MBDs 5 and 6 (designated 1-63 ⌬1-4MBD CϾS; Fig. 4A ) (34) . This mutant failed to supply copper to metallate and thus activate tyrosinase, indicating the requirement of MBDs 5 and 6 for copper transport activity (Fig. 4A) .
We next used metabolic labeling to determine whether deletion of the N-term phosphorylation sites altered either basal or copper-stimulated phosphorylation of ATP7B. Both the 1-63 ⌬1-4MBD and 1-63 ⌬1-4MBD CϾS mutants were expressed in WIF-B cells and assayed. Despite the fact that nine of the 12 N-terminal phosphorylation sites we identified by MS were deleted in both mutants (Fig. 2) , these mutant proteins exhibited only a modest reduction in basal phosphorylation as measured by [ 32 P]orthophosphate incorporation (ϳ84 and ϳ71% of WT, respectively) (Fig. 4, B and C) . This result indicates that other regions of the protein must be basally phosphorylated. Following the addition of copper, the 1-63 ⌬1-4MBD mutant showed a modest but not significant increase in [ APRIL 3, 2015 • VOLUME 290 • NUMBER 14 exhibited no copper-stimulated hyperphosphorylation (Fig.  4C) . Because serines were added to this mutant, it is possible that they are substrates for kinases in cells. However, if this were so, the relative specific activity of the 1-63 ⌬1-4MBD CϾS mutant would likely be greater than for 1-63 ⌬1-4MBD when in fact it was lesser (Fig. 4C, right bars) .
ATP7B Copper-stimulated Phosphorylation and Trafficking
Deletion/Mutation of N-terminal Metal Binding Domains Does Not Disrupt Copper-responsive Appearance at the Apical
Region-Next we tested the effect of the two N-term mutants on copper-dependent trafficking. In the presence of chelator, both the 1-63 ⌬1-4MBD and the 1-63 ⌬1-4MBD CϾS mutants localized in the TGN and in vesicles distributed throughout the cell, indicating that TGN retention was somewhat compromised (Figs. 5, A and D, and 6, A and B) . Addition of copper promoted the appearance of the 1-63 ⌬1-4MBD CϾS mutant at the apical region (Figs. 5, B and E, and 6C) . By counting the number of polar cells that showed apical targeting of each MBD mutant, we determined that both mutants could be trafficked to the apical region in a copper-dependent manner, although the 1-63 ⌬1-4MBD CϾS mutant trafficking was less robust (Fig. 5C ). Following removal of copper by treatment with chelator for 3 h, both mutants again localized to the TGN and in vesicles, showing that apical trafficking was reversible (Figs. 5, C and F, and 6) .
Compared with constructs with a complete N terminus, both mutants showed an increased presence in vesicles under the chelator condition, consistent with the idea that interdomain contacts are important for TGN retention and can be disrupted by copper (Fig. 5 and Refs. 13 and 35). However, our results clearly demonstrate that the N-term MBDs are not essential for ATP7B copper-dependent trafficking to the apical region in hepatic cells beyond their previously established importance in regulating TGN exit and retention. They also indicate that copper-sensitive delivery of ATP7B to the apical domain still occurs even when all copper binding at MBDs has been eliminated, suggesting the existence of additional copper-sensing sites in ATP7B.
Thus, although inactivation of all MBDs did not abolish copper-dependent apical delivery in hepatic cells, it drastically reduced copper-dependent phosphorylation. One interpretation of this result is that copper-stimulated phosphorylation sites are within the deleted MDB1-4 region in the N-term. Alternatively, our data are also consistent with a model in which copper binding to the N-term MBDs produces conformational changes in the ATP7B structure that in turn increase the accessibility of residues in the C terminus to kinases. We thus explored the effects of direct mutation of the C-term phosphorylation sites that we (Fig. 2) and others (11, 16, 18, 19, 36) identified by MS. 
C-term Ser/Thr Are Not Required for Copper Transport
Activity-We showed previously that the C terminus has a number of critical roles for ATP7B function (5) . In that report, we showed that various deletions of the C terminus (Fig. 7A , first four constructs) had little effect on copper-responsive anterograde trafficking; however, the mutants were unable to return to the TGN presumably due to their lack of the C-term tri-Leu motif that interacts with cellular machinery that mediates TGN retrieval (5) . Because the deletions encompassed most of the C-term Ser/Thr residues identified in our MS analysis, we used site-directed mutagenesis to create mutants with either negative charge substitutions (Asp/ Glu), termed phosphomimetics, or inactivating (Ala/Gly) substitutions (Fig. 7A) . We documented that each of the mutants was able to transport copper as demonstrated by the black reaction product indicating active tyrosinase (Fig. 7,  B-G) . Although the 9-mimetic mutant showed some activity in this qualitative assay (Fig. 7D) , we found a large portion of it was retained in the endoplasmic reticulum, and thus we did not study it further.
C-term Ser/Thr Are Required for Basal and Copper-stimulated Phosphorylation-To determine whether inactivation of C-term Ser/Thr is responsible for either basal or copper-stimulated phosphorylation, we studied two mutants, one with approximately two-thirds of the C terminus deleted (Q1399Rfs; Fig. 7A ), and one with 13 of the 15 C-term Ser/Thr inactivated by substitution with Gly/Ala (13 S/TϾA/G; Fig. 7A ). The 13 S/TϾA/G mutant was generated for two reasons: 1) nine of the 15 C-term Ser/Thr were found to be phosphorylated in our MS study, and 2) in silico analysis revealed that multiple Ser/Thr residues are potential recognition sites for a variety of kinases, which highlights the possibility for kinase promiscuity, which could complicate our analysis. Both mutants were expressed in WIF-B cells, radiolabeled with [ 32 P]orthophosphate, and then immunoprecipitated. Both exhibited reduced basal phosphorylation when copper was chelated, and following the addition of copper, neither became hyperphosphorylated (Fig. 8, A and B) . Both findings are consistent with the MS result (Fig. 2) , which indicated that nine C-term residues are phosphorylated, two of which were found only in the presence of copper. Thus, both the N-term MBDs and C-term Ser/Thr are required for copperstimulated phosphorylation. 
Negative Charge Substitutions of Eight Ser/Thr in the C terminus Did Not Affect
Trafficking-To explore the possibility that C-terminal phosphorylation alters ATP7B trafficking, we first examined the trafficking behavior of the two phosphomimetic mutants, 3-mimetic and 8-mimetic (Fig. 7A) , in WIF-B cells. Both mutants showed robust co-localization with the TGN marker when copper was chelated, indicating that charge-mimicking C-term phosphorylation does not promote TGN exit (Fig. 9, A, AЈ, D, and DЈ) . Upon addition of copper, both mutants exhibited normal copper-directed trafficking to the apical region (Fig. 9, B , BЈ, E, and EЈ), which was documented by counting the number of polar ATP7B-expressing cells (Fig.  10C) . Following removal of copper by treatment with chelator for 3 h, both mutants again localized to the TGN and in vesicles (Figs. 9, C, CЈ, F, and FЈ, and 10 ). Although we observed normal copper-responsive trafficking for the mutant with eight negative charged substitutions (T1396D/S1398D/S1401D/S1429D/ S11431D/S1432D/T1434E/S1435D), there was a modest increase of this mutant in vesicles in the presence of copper (Fig. 10) . These results show that increased fixed negative charges on the C terminus does not alter the itinerary of ATP7B.
Inactivation of C-term Ser/Thr Did Not Alter GFP-ATP7B Trafficking in WIF-B Cells-To rule out the requirement of copper-stimulated hyperphosphorylation for copper-dependent trafficking of ATP7B, we examined trafficking of the 13 S/TϾA/G mutant, which is not hyperphosphorylated in response to copper (Fig. 8) . In the presence of chelator (ϪCu), both the 3 S/TϾA with T1396A, S1398A, and S1401A substitutions and the 13 S/TϾA/G mutants localized in the TGN (Fig. 11, A and D) . Addition of copper promoted the appearance of both mutants at the apical region in WIF-B cells (Fig. 11, B and E). Following removal of copper by treatment with chelator for 3 h, both mutants again localized to the TGN and in vesicles (Fig. 11, C and F) . Thus, neither copper-stimulated hyperphosphorylation of the C terminus nor the full complement of basal phosphorylation is required for copper-responsive trafficking of ATP7B.
Previous studies showed that Ser-1121 in the flexible loop of the nucleotide binding domain was phosphorylated in response to copper (11, 12) ; our mass spectroscopy analysis confirmed this finding. Because copper has been shown to alter interdomain interactions that may be functionally relevant for trafficking (35), we used site-directed mutagenesis to inactivate Ser-1121 as well as the closely associated site Ser-1116 located in the nucleotide (N) domain (13 S/TϾA/GϩN). The 13 S/TϾA/GϩN mutant was expressed in WIF-B cells, and its copper-responsive trafficking was examined. In the presence of chelator, the S/TϾA/GϩN mutant showed a robust TGN localization (Fig. 11G) . Addition of copper promoted its TGN exit and a robust signal at the apical plasma membrane (Fig.  11H) . Following removal of copper by treatment with chelator for 3 h, the 13 S/TϾA/GϩN mutant again localized to the TGN and vesicles (Fig. 11I) . Thus, phosphorylation of Ser-1121 in the N domain and the 13 Ser/Thr in the C terminus are not required for trafficking in hepatic cells. Taken together, our analysis definitively shows that copper, but not copper-stimulated phosphorylation, is required for ATP7B to reach the apical region where copper can be exported. Our data also show that communication between the N and C termini of ATP7B promotes its copper-dependent hyperphosphorylated state, and we speculate that this regulates the rate or extent of copper transport.
DISCUSSION
We report the most comprehensive phosphoproteomics analysis of ATP7B to date. Comparison with the PhosphoSitePlus post-translational modification resource, which compiles the results from all proteomics studies, shows that 14 of the 24 sites phosphosites we found have not been identified previously. Fourteen additional phosphosites appear in that database, making a total of 38 phosphomodifications on ATP7B that are supported by experimental evidence ( Table 1) . Some of the ATP7B sites may be cell type-specific because a number of sites were identified only in T-cells, isolated synapses, or ovary ( Table 1 ). The PhosphoSitePlus post-translational modification resource also reports that six lysines were either acetylated or ubiquitinated. Our own MS studies also revealed a number of FIGURE 10. C-term phosphomimetic mutant trafficking phenotypes. GFP-WTATP7B (from three independent experiments; also shown in Fig. 5 ) and the two C-terminal mutants (from two independent experiments performed in parallel) shown in Fig. 9 were expressed and evaluated for copper-directed trafficking. Wide field images of 50 -100 cells for each treatment were evaluated, and graphs illustrate the percentage of cells with a medium/strong presence in TGN (A), vesicles (B), or apical region (C) under the three copper conditions. Totals exceed 100% because some cells showed a mixed phenotype. The 8-mimetic shows somewhat more vesicles in the ϩcopper (ϩCu) condition than either the 3-mimetic or WT.
such modifications, raising the possibility that they may be important for ATP7B trafficking and/or function.
Our phosphoproteomics in fibroblasts demonstrates that multisite phosphorylation of ATP7B occurs overwhelmingly on the N and C termini, and surprisingly, it occurs in both high and low copper. We did, however, identify one triphosphopeptide, four unique phosphoresidues, and four diphosphopeptides that were found only in high copper, which is consistent with the increase in [ 32 P]orthophosphate incorporation after addition of copper in hepatic cells. Amino acid sequence alignments reveal that the C-term sites (1429/1432 and 1442/1453) in two diphosphopeptides are conserved in mammals (5) . Taken together, we identified a complex pattern of Ser/Thr phosphorylation on APT7B.
We show that copper-stimulated trafficking and phosphorylation could be experimentally separated, and we report several novel findings pertaining to the relationship between the two processes. We first showed that hyperphosphorylation in response to copper occurs even when ATP7B localization is restricted to the TGN. This result demonstrates that there are kinases(s) located in the TGN that phosphorylate ATP7B preferentially when copper is high. It also argues against a model in which the phosphorylation occurs downstream of trafficking only after ATP7B has exited the TGN in vesicles. How cellular copper levels promote ATP7B hyperphosphorylation is unknown. Most models envision a copper-dependent conformational change in ATP7B that in turn affects access of kinase(s) to ATP7B phosphosites. Recent studies demonstrate that copper can directly activate Ras/mitogen protein kinase signaling as well BRAF signaling (37, 38) , but inhibitors of Erk2 did not block ATP7B 32 P incorporation (12) . There are additional indirect mechanisms by which one can envision physiologic changes in copper levels impinging on signaling systems that in turn regulate TGN-associated kinases in hepatocytes (e.g. phorbol 12-myristate 13-acetate (12)). A previous study implicated the TGN-associated kinase PKD in ATP7B regulation (12) . Although ATP7B trafficking from the TGN was reported to be reduced by mutation of four serines to alanines in that study, there was no direct evidence that inhibition of PKD altered ATP7B trafficking (12) . Perhaps PKD promotes hyperphosphorylated ATP7B carrier vesicle fission. Thus, the kinase(s) responsible for hyperphosphorylation in the TGN remains unknown. The distal N terminus of ATP7B (amino acids 1-63) contains a targeting motif that is required for apical targeting in response to copper (4) . Six N-terminal MBDs, each capable of binding copper, lie downstream of amino acids 1-63. When all copper binding by MBDs had been eliminated, we could still observe some copper-stimulated TGN exit and reversible trafficking to the apical domain of WIF-B cells. Perhaps deletion of MBD1-4 alters the N-term structure in such a manner that the mutants are permissive for TGN exit but are only competent to reach the apical surface following the addition of copper. Thus, our studies reached the unexpected conclusion that the competence of all six MBDs to bind copper was not required to observe copper-dependent apical targeting, suggesting the existence of another copper-sensing domain(s) in ATP7B (39, 40) that regulates the apical targeting step in polarized cells. Our studies extend previous ones that have suggested that copper binding to MBDs triggers conformational changes that propagate structural changes to other domains of ATP7B and trigger its TGN exit via vesicles (13) . We suggest an additional role for copper-stimulated conformational changes: perhaps those structural changes expose both the apical targeting motif and C-terminal Ser/Thr to TGN-resident kinases in a copperdependent manner.
The C-terminal tail of ATP7B is also implicated in two trafficking steps: TGN exit and return (5) . Our discovery that phosphorylation occurs at 60% of the sites in the tail domain is consistent with our finding that residues in the C terminus are required for basal phosphorylation. Importantly, we show that increased fixed negative charges on the C terminus do not alter the itinerary of ATP7B, but we did not address the question of whether the dynamics of apical trafficking could be altered by the negative charges.
Because we found that phosphorylation of the C terminus is required for copper-stimulated phosphorylation of the N terminus, we speculated that conformational changes promoted by hyperphosphorylation regulated ATP7B trafficking. So we eliminated all hyperphosphorylation by changing 13 of the serines in the C terminus to Ala/Gly in the context of the fulllength protein with all six functional N-terminal MBDs. Despite its total lack of hyperphosphorylation, the copper-dependent trafficking of this mutant was indistinguishable from wild type. When eight of these same residues were instead changed to negative charges to mimic the hyperphosphorylated state, ATP7B trafficking to the apical region was largely unaffected. Overall, by a variety of criteria, copper-dependent trafficking and hyperphosphorylation appear to be coincident but independent events. Our study found little evidence to link copper-dependent hyperphosphorylation to intracellular trafficking. Our results do not exclude an effect of phosphorylation on trafficking per se, but they do argue against those ATP7B molecules uniquely modified by copper-enhanced phosphorylation functioning as critical initiators of TGN exit or trafficking from the TGN.
Multisite phosphorylation has been shown to dynamically regulate the localization, activity, and expression of the voltagegated sodium channel and potassium channel in mammalian brain (41) . In contrast, multiple phosphorylations on the C terminus of photoexcited rhodopsin are required for its inactivation (for a review, see Ref. 42) . These examples highlight the idea that multisite phosphorylation is another paradigm for the regulation of membrane protein trafficking and function. Perhaps copper-stimulated phosphorylation fine-tunes the rate or extent of copper transport as indicated by studies in yeast (43) and mammalian liver (44) . Thus, the precise roles of both basal and copper-stimulated hyperphosphorylation remain enigmatic.
